Abstract-In this paper we will report on the optical performances of submicron planar lensless pixels arranged in the 2 × 2 Bayer cell configuration, the basic element of CMOS colour image sensors. The 2D microlens array placed in front of each pixel in commercial devices has been replaced by a 2D array of submicron holes realised on a thin metal film. Each pixel has been designed to present a lightpipe inside its structure acting as an optical waveguide that confines the light up to photodiode surface. This pixel design is fully compatible with large scale industry production since its fabrication involves only standard lithographic and etching procedures. Simulations of the light propagation inside the lensless pixel has been performed by using full 3D electromagnetic analysis. In this way it was possible to determine the optical performances of the Bayer cell in terms of the normalized optical efficiency and crosstalk effects between adjacent pixels that result to be up to 30% and a factor 10, respectively, better than those ones obtained for the microlens counterpart. The significant increase of the achievable values of the normalized optical efficiency and crosstalk can foresee the possibility to reduce the pixel size down to 1 µm, i.e., beyond the limit imposed by the diffraction effects arising in microlens equipped pixel.
INTRODUCTION
The investigation of simple methods based on nanosized structures to achieve nanofocusing of light in the visible region is currently an interesting topic of research for those optical applications like digital imaging and confocal microscopy in which a further increase of the spatial resolution and/or the photosensitive area is a challenging task.
Complementary metal oxide semiconductor (CMOS) image sensors are typical examples of devices for which the increase of the spatial resolution implies the reduction of their pixel dimensions that are, presently, reaching a size only few times larger than the wavelength of the light in the visible region of the electromagnetic spectrum. At present, the downscaling process limits the smallest achievable pixel size in the 1.75 to 1.4 µm range for large device production. The state of the art of the CMOS-based image sensor technology employs a refractive microlens located at the pixel entrance to focus the light on the photodiode surface. Downscaling of the pixel size requires to improve the optical and physical properties of the materials used to fabricate the microlenses with progressively smaller diameters and larger numerical apertures. This is mainly related to the fact that the technological processes employed in the large scale device production do not allow, at present, a further reduction of both the thickness of the optical stack hosting the metal lines used for the electrical connections and the distance between adjacent pixels. On the other hand, from the point of view of the physical mechanisms, it has been recently demonstrated that for pixel size smaller than 1.4 µm, diffraction effects become so significant to limit the effectiveness of the microlens focusing properties [1] and this, in turn, produces large optical crosstalk effects between adjacent pixels that are significant also for pixel size close to 3.9 µm [2] . Advances in material research make now possible to exploit the possibility to replace front-side illuminated image sensors with the back-side illuminated counterparts in order to reduce the pixel thickness at least for what concerns the optical path and increase the optical efficiency and the device fill factor [3, 4] . Even in this case the research of novel focusing components and/or pixel structures is mandatory to fully exploit the potentiality of this new paradigm. Different designs of planar lenses and reflectors based on submicron and nanometer slits periodically [5] and nonperiodically [6, 7] distributed on metal films have been reported. In these optical components the required lens phase profile is provided by a properly choice of the number and width of the slits as far as of their mutual distance. The extraordinary optical transmission of the planar lenses is accomplished by the generation and propagation of surface plasmon-polariton modes confined at the slit metal surface without suffering radiation away. By using these lenses it has been demonstrated that it is possible to obtain 0.88 µm width spot size at full-width at half-maximum and focal length of 5 µm [6] . More recently, it has been proposed a more complex structure (the metalens) that combines a planar lens with a metamaterial slab. By numerical analysis, it was demonstrated that this structure is able to provide phase compensation and wave matching mechanism allowing to obtain super resolution focusing [8] . Even though the planar lenses are interesting structures because they permit to realize optical devices using the same technology employed in the CMOS image sensor manufacturing, the fabrication of the slits, the core elements of the lens, implies the use of lithographic and etching procedures at the nanometer scale that are still far from being introduced in the large scale optoelectronic industry. At the laboratory level, in fact, such structures can be fabricated using electron beam nano-lithography while chemical and/or etching processes need to be carefully tested to obtain reliable devices. In CMOS-based image sensor technology one adopted solution that allows for a more effective light focalization on the photodiode and a decrease of the optical cross-talking effects, is the use of the guiding properties of a lightpipe created between the microlens and the photodiode surface [9, 10] . The lightpipe is realized by making use of a polymer with a refractive index higher than those ones of the surrounding oxides layers that form the pixel. As a consequence, light entering the lightpipe through the microlens experiences optical confinement up to the photodiode and, at the same time, the frustrated total internal reflection mechanism generates evanescent waves that can couple into the adjacent lightpipes exchanging energy between neighbouring pixels and giving rise to optical crosstalk effects. In the present paper we will make use of this pixel structure replacing the microlens with a simple sub-micron aperture produced on a thin metal film. We will prove that light diffracted from the aperture, mediated by the generation of surface plasmon-polariton modes, is entirely confined within the lightpipe. Under suitable conditions, this produces a beaming of the light inside the pixel toward the photodiode area. Thus, the proposed pixel structure uses the diffraction effects that are, however, detrimental for microlens equipped pixel. Full three dimensional (3D) simulations operated on a Bayer cell composed of four pixels demonstrate that it is possible to obtain optical efficiencies and crosstalk rejection between adjacent pixels 30% and a factor 12 respectively better than those ones obtained in similar pixels equipped with microlenses for pixel sizes close to 0.97 µm. For pixels equipped with microlens, this size has been demonstrated to be the limiting pixel size below which the optical performances are strongly degraded by diffraction [1] .
THREE DIMENSIONAL PIXEL MODEL
Full 3D simulations of the light propagation inside the image sensor pixel have been based on the finite integration technique [11] [12] [13] in which the physical space is divided in cubic grids forming a hexahedral mesh. The size of the cubic grid was set equal to λ/10 where λ is referred to the shortest wavelength of the electromagnetic spectrum used in the simulations. Moreover, the software used for the simulations (CST Microwave Studio 2010) provides an adaptive meshing tool to fix the integration step respect to the size of the structure to be simulated and the values and frequency dispersion curves of the permittivity of the different materials utilized for the pixel fabrication. The physical model employs a basic structure of four pixels forming a 2 × 2 structure in the configuration of a single Bayer cell in which two diagonal pixels are used to reveal the green component of the incident light while the other two are for the red and blue components. The cross section of a single pixel is shown in Fig. 1 light impinging at the pixel surface through the mechanism of the total internal reflection. In our simulations the radius of the circular section at the bottom of the lightpipe, i.e., the photodiode area, was fixed equal to 0.4 µm, the pixel size, D, was varied from 1.75 to 0.97 µm and the ILD thickness, L, was set equal to 2.5 µm. For each pixel size, the radius of the lightpipe section at the pixel entrance depends on the value of the lightpipe tapering angle ϑ (in our case ranging from 0 • to 6 • ) that is choesen to optimize the light confinement and/or preserve the pixel aspect ratio. On top of the ILD is deposited a metal thin film (thickness T = 0.2 µm) on which circular apertures are produced in correspondence of each lightpipe entrance. In image sensor manufacturing procedure, these apertures can be obtained by using conventional lithographic and etching processes. For simulations gold was chosen to reduce the computational times respect to aluminum, the more commonly employed metal in electronic industry.
For simulation purposes, we placed open boundary conditions (i.e., perfectly matched layer) at the Bayer cell top and bottom surfaces perpendicular to the light propagation direction and 2-dimensional (2D) periodic boundary conditions at the lateral sides of the Bayer cell. Instead to use at the pixel bottom a Si substrate with an antireflection coating on its surface, we preferred to introduce an index matching layer between the ILD and the perfect matched layer. Apart from the selected choice of the bottom final layer or substrate, we note that this procedure must be always used to prevent numerical instabilities and result inaccuracies. We simplified the Bayer cell model omitting the insertion of the color filters on top of the apertures because their permittivity frequency dispersive relations generally depend on the specific micro-fabrication techniques. However, this does not represent a limitation in describing the overall optical behavior of the Bayer cell at different wavelengths because, by using the time solver tool, CST Microwave Studio allows in a single simulation to analyze the 3D e.m. field distribution inside each pixel in the frequency spectrum corresponding to wavelengths ranging from 450 to 633 nm. Once the simulation is terminated, it is possible to insert 3D monitors located at the photodiode surfaces and centered at some selected wavelengths that return the Poynting vector plots by computing the inverse Fourier transform of the e.m. field distribution. In particular, we have selected the following three wavelengths λ b = 450 nm, λ g = 550 nm and λ r = 633 nm as the central wavelengths for the blue, green and red spectral bands of visible light, respectively.
In performing the numerical simulations we used a continuous plane wave with an amplitude of 1V/m impinging from air at normal incidence on the pixel surface. The permittivity frequency dispersion curves of the silicon oxide and of the polymer have been obtained from Refs. [14] and [9] , respectively. For gold, instead, we used the Drudecritical points model as discussed in Ref. [15] .
In Fig. 1(b) we show the 2D Poynting vector plot describing the energy flow inside the lightpipe from the aperture toward the photodiode for green light centered at λ g = 550 nm. For this wavelength the transmitted light is confined inside the lightpipe and the spotsize is smaller than the photodiode area. Similar results are obtained for the other two selected wavelengths, λ b and λ r . In particular, we verified that the focalization is more effective for light of smaller wavelengths even though an efficient energy transfer is always obtained for the three wavelengths as will be discussed later on. The guiding properties of the lensless pixel is guaranteed by combining the diffraction effects arising from the presence of the apertures on the gold film and the guiding properties of the lightpipe by means of the total internal reflection effect. Since the diameter of the aperture is close to the input wavelength, the light emerging from the aperture is diffracted at angles much higher than the internal total reflection angle occurring in the lightpipe thus guaranteeing light confinement. Furthermore, light transferred through the apertures is assisted by the generation of surface plasmon-polariton modes that are generated at the metal surface of the aperture along the beam propagation direction. This mechanism has been used to explain the increase of light transmission through nanometer size apertures [16, 17] but, as reported in Fig. 1(c) , is also effective for larger apertures like those ones here discussed. In Fig. 1(c) it is shown the y-z section of the right lateral side of the pixel: at the aperture edge, the electric field associated to the input e.m. plane wave suffers large diffraction effects and the components having wavevectors matching the surface plasmon-polariton modes propagate through the aperture reaching the lightpipe. At the aperture edge, diffraction from the metal surface shifts the phase of the electric field whose amplitude has the maximum along a direction opposite to the yaxis. In Fig. 1(c) is reported the electric field associated to the surface plasmon-polariton mode taken at an arbitrary value of the incident e.m. field phase. In this case the input light is transverse magnetic (TM) polarized. We verified that a transverse electric (TE) polarized light does not produce, as expected, any surface plasmon-polariton excitation. On the other hand, if the input light is TE polarized, the surface plasmon-polariton modes arise at the aperture lateral sides that are 90 • degrees rotated respect to those ones of Fig. 1(c) on the x-z plane.
RESULTS OF THE SIMULATIONS
The optical performances of the modeled pixel have been studied by analyzing the results of the simulations in terms of Normalized Optical Efficiency (NOE) and Normalized Optical Crosstalk (NOX) [1] . The first of these two parameters derives from the optical efficiency, also named external quantum efficiency, that represents the fraction of the optical power impinging on the photodiode area respect to that one incident on the pixel surface [18] . The second parameter is related to the optical crosstalk that measures the fraction of the average optical power that reaches the photodiode area of the adjacent pixels respect to that one incident on the surface of any selected pixel [19] . Based on these definitions, NOE is defined as the ratio between the optical power delivered at the photodiode area, in our case the bottom lightpipe area, and the total power measured in the domain of the four pixels forming the Bayer cell. In particular, the simulations have been performed illuminating only one pixel by masking the others three using perfect absorber filters. On the other hand, NOX is defined as the ratio between the averaged optical power delivered at the photodiode areas of the three adjacent masked pixels and the total received optical power. The corresponding mathematical expressions of NOE and NOX are:
where S z is the z-component of the Pointing vector along the beam propagation direction. The integral domains LP area, adjacent pixels and domain indicate the lightpipe bottom area, the bottom area of each pixel adjacent to that one illuminated and the area of the entire Bayer cell at the photodiode surface, respectively. Respect to 2D simulations in which a linear array of five pixels constitutes the computational basic structure for the calculation system [1] , the 3D simulations performed in this paper use as computational basic structure the Bayer cell before described for which two of the adjacent pixels located along one of the cell diagonal both detect green light. This fact relaxes the crosstalk requirements for these pixels. However, in calculating the NOX parameter we did not take this fact into consideration since NOX is the signature of the light transferred inside each pixel and this is independent from the fact that two pixels detect light at the same wavelength.
In Fig. 2(a) we report the typical spot-size at the photodiode surface. The spot-size is not perfectly circular as results also from the different profiles along the x-and y-axis shown in Figs. 2(b) and (c), respectively. These figures report the beam profiles measured at the photodiode input surface obtained with the lightpipe tapering angle ϑ varying from 0 • to 6 • for a pixel size of 1.75 µm and an input TM polarized light. The beam profile along the x-axis changes from a bell-shaped profile (ϑ = 0 • ) to a double peak profile for ϑ ranging from 2 • to 4 • and resulting again a bell-shaped profile for ϑ = 6 • . On the other hand, the corresponding beam profiles along the y-axis measured under the same conditions always show bell-shaped profiles. The different behaviors of the beam profiles along the two orthogonal x-and y-axes are related to the presence of plasmon-polariton modes, as before discussed. In this case, for TM polarized light, the plasmonpolariton modes lays on the y-z plane. On the other hand, if a TE polarized input light is considered, we verified that the beam profiles of Figs. 2(b) and (c) are reversed since now the surface plasmon-polariton modes occur at the internal surface of the aperture 90 • rotated respect to the case of Figs. 2(b) and (c) .
In Fig. 3 we report the normalized intensity beam profiles at the photodiode surface along the x-and y-axis as measured between two adjacent pixels along one side of the Bayer cell for an input TM (a) (b) (c) , λ g and λ r respectively. We note that light confinement becomes less effective at the greater wavelengths and this is due to the fact that for apertures with the same size, when the wavelength increases diffraction effects become more effective and the value of the polymer refractive index decreases. The confinement effect could be optimized by choosing for each selected wavelength the aperture size that optimizes the light propagation inside the lightpipe and/or by using high refractive index polymers. Aperture optimization can be achieved by adapting the lithographic mask to produce the desired 2D-array pattern on the metal film. A more refined optimization process involving the variation of the tapering angles for each selected wavelength is unrealistic since it cannot be easily implemented at the level of large scale production. In order to determine the NOE and NOX we performed simulations similar to those ones reported in Fig. 3 for a pixel size ranging from 0.97 to 1.75 µm. In particular, for each pixel size, the aperture and the corresponding lightpipe tapering angle were chosen to obtain the best possible performances for the three selected wavelengths λ b , λ g and λ r . The results of the calculations (triangles) are plotted in Fig. 4 together with the data (circles) of similar simulations taken from Ref. [1] in which the authors discussed the limits in downscaling the pixel size due to diffraction effects originated by the presence of the microlense located at the pixel entrance. In particular, as shown in Fig. 4 (top panel), for both lensless and microlens equipped pixels, NOE decreases as the pixel size decreases. However, the replacement of the microlens with a simple aperture at the pixel entrance gives better results independently from the pixel size. This finding is particularly significant for the smaller values of the pixel size. Considering, in fact, a pixel size D = 0.97 µm, respect to the microlens geometry, the lensless pixel counterpart improves the normalized optical efficiency of about 30%, 33% and 22% for the blue, green and red wavelengths, respectively. It is important to underline that for the lensless geometry, diffraction effects are not detrimental for the pixel overall optical performances since, in this case, the diffracted light is strongly coupled to the lightpipe. The final result is that in the range of the pixel size of Fig. 4 (top panel) , NOE never decreases below 0.80 for red light and remains above 0.90 for the green and blue light. These findings are confirmed by analyzing the NOX results plotted in Fig. 4 (bottom panel) . Also for this parameter the obtained values for the blue, green and red wavelengths are better than the corresponding values reported in Ref. [1] by a factor 12, 8, 4, respectively. In microlens equipped pixels, the microlens are designed to achieve strong focalization at the photodiode plane for incident angles of the e.m wave different from zero. To complete the study of the beaming properties of the lensless pixel configuration, we performed 2D numerical simulations to evaluate NOE and NOX parameters as a function of the incidence angle for a TM polarized e.m. wave and a pixel size equal to 1.75 µm.
The results are reported in Fig. 5 . The incident angle was varied in the range from 0 to 30 degrees. For larger values of the incident angle the sensitivity of the image sensor with microlens equipped pixels has been reported to sharply drop also for pixel size of 2.2 µm and it is only partially compensated by replacing refractive microlenses with more complex digital microlenses [20] . From the results of Fig. 5(a) , NOE decreases for a value of 7.6%, 12.0% and 14% for the blue, green and red selected wavelengths, respectively, within the entire range of variation of the incident angle. Corresponding enhancements in percentage of the NOX values have been obtained at the three reference wavelengths as shown in Fig. 5(b) . The results of Fig. 5 demonstrate that the beaming properties of the lensless pixel structure continues to be very efficient also for incident angles different from the normal incidence.
Finally, in order to compare the results obtained with the lensless pixel geometry with those ones of [10] in which the authors used pixels equipped with microlens on top of the lightpipe, we performed 2D simulations on the Bayer cell to obtain the optical efficiency and crosstalk. By taking the same conditions of Ref. [10] for the polymer refractive index (n = 1.6) used to implement the lightpipe and the pixel size of D = 1.75 µm, pixel models based on lensless and microlens geometries return the same values for the optical efficiency and crosstalk. We can conclude that also in this case, the lensless geometry simplifies the pixel fabrication avoiding the use of a microlens and does not degrade the overall optical performances.
CONCLUSIONS
We have demonstrated that lensless pixels arranged in the Bayer cell configuration as used in commercial image sensor devices and making use of lightpipe structure have better optical performances respect to those ones obtained for pixels equipped with microlenses located at their entrance. By performing full 3D electromagnetic simulations of the light propagation inside the Bayer cell, we have shown that in terms of the normalized optical efficiency and crosstalk, the lensless pixel geometry is always more efficient respect to the microlens equipped counterpart. In particular, simulations demonstrate that the decrease of the normalized optical efficiency and the increase of the crosstalk effects as a function of the reduction of the pixel size is largely less effective for the lensless pixel geometry and this can foresee the real possibility to decrease the pixel size for values less than 1 µm. Moreover, the proposed geometry is completely compatible with the actual large scale image sensor manufacturing process and overcomes the problems related to the fabrication of microlenses with large numerical apertures.
